Woody materials are generally resistant to enzymatic saccharification unless they undergo harsh fiber disrupting pre-treatments such as steam explosion. In this study, enzymatic hydrolysis of steam-exploded hardwood was investigated using various conditions and commercial cellulase preparations. Hydrolysis times were kept below 24 h in order to approach industrially realistic conditions. The optimal conditions for enzymatic hydrolysis were found to be 55 C and a pH of about 4.5. During enzymatic hydrolysis, acetate was released from the hemicellulose fraction. Increasing the dry matter concentration had a negative effect on glucose yields. Using fermentors with pH control, 66% of the cellulose in steam-exploded hardwood could be hydrolyzed to glucose within 12 h using an enzyme dose of 25 filter paper units (FPU)/g of dry matter. For 24 h hydrolysis maximum cellulose saccharification (71%) was observed at 25 FPU/g, and increasing the enzyme dose further did not increase the sugar yield.
Our dependence on fossil fuels and the concomitant release of greenhouse gases causing climate change has put intense focus on finding alternative renewable resources for the production of fuels and chemicals. The possible arrival of the peak oil point in the near future, 1) combined with the prevailing automotive infrastructure, make it especially urgent to find an alternative transportation fuel. In this respect, biomass might be a major resource in the future for the production of biofuels, but also for energy, chemicals, and building materials. 2, 3) The dominant biofuel produced today is bioethanol, with an annual production of about 45 million m 3 , produced mainly from sugar cane in Brazil and corn in the USA. 4) Corn-based biofuels have drawn concern and criticism because their production is not very energy efficient and because there is competition with food production. Thus there is a strong need to develop second generation bioethanol, to be produced from non-edible lignocellulosic biomass. It is also envisaged that a range of commodity chemicals may be produced from this biomass, and that the present fossil-based petrochemical industry will gradually be replaced by biorefineries.
3)
The main constituents of lignocellulosic biomass are the polymers cellulose, hemicellulose, and lignin. A key issue for biorefineries is the conversion of carbohydrate polymers into fermentable sugars, the so called sugar platform. While starch, used for the production of cornbased bioethanol, is relatively easily hydrolyzed to fermentable sugars, cellulose and hemicellulose are structural polysaccharides, which are much more recalcitrant to hydrolysis. This recalcitrance is due to their high crystallinity (for cellulose), and their intimate association and covalent cross-linking with each other and with lignin. 5) Hence efforts should be made to develop efficient processes for the release of monosaccharides from lignocellulosic biomass. The key steps in these processes are (i) fiber-disrupting thermo-chemical pretreatment and (ii) enzymatic hydrolysis of the polysaccharides. It has been found that improvements in enzyme technology for converting biomass to fermentable sugars potentially offer much larger cost savings than improvements in the process of converting sugars to ethanol. The central issue is improvement of technologies to overcome the recalcitrance of lignocellulosic biomass. 6) One of the main sources of lignocellulose is trees. Evergreen trees are classified as softwoods (e.g., pine and spruce), while deciduous trees are classified as hardwoods (e.g., birch and aspen). The major components of both hardwoods and softwoods are cellulose, hemicellulose, and lignin. While the content of cellulose is about 40-43% for both types of wood, hardwoods have a lower content of lignin and a higher content of hemicellulose. Hardwood hemicelluloses are composed mostly of highly acetylated xylans. They are relatively labile to acid hydrolysis and can undergo autohydrolysis under relatively mild conditions. Due to the lower lignin content, the type of lignin, and the type of hemicellulose, saccharification of hardwoods (as in this study) is generally considered to be easier and more cost-effective than saccharification of softwoods. 7) One of the most efficient pre-treatment methods for lignocellulosic biomass is steam explosion, 8, 9) which involves heating biomass at high temperature and pressure, followed by mechanical disruption of the biomass fibers by a rapid pressure drop (explosion). The high-pressure steam modifies the plant cell-wall structure, yielding a dark brown material that is much more y To whom correspondence should be addressed. Tel: +47-64-96-59-07; Fax: +47-64-96-59-01; E-mail: svein.horn@umb.no Abbreviations: DM, dry matter; FPUs, filter paper units; MIX, mixed hardwood fraction; SE-MIX, steam-exploded MIX; POP, poplar fraction; SE-POP, steam-exploded POP; SE, steam explosion accessible for enzymatic hydrolysis. Steam explosion is carried out with or without the addition of an acid catalyst. If no exogenous acid catalyst is added to the biomass, the pre-treatment is referred to as autohydrolysis and the acid-catalyzed breakdown of glycosidic linkages depends upon acids released from the biomass itself. This is mainly acetic acid, released from acetylated hemicelluloses. The addition of an acid catalyst is essential for pre-treatment of softwoods but not for hardwoods, where autohydrolytic conditions can be more easily established.
7) The severity of pre-treatment has a big impact on the outcome, and the chosen conditions are a compromise among (i) maximizing substrate accessibility for subsequent enzymatic hydrolysis, (ii) minimizing loss of sugars and side reactions such as dehydration, which produces microbial inhibitors such as furfural (from pentoses), and hydroxymethylfurfural (from hexoses), and (iii) considerations concerning process economy and efficiency.
Hydrolysis of the pretreated biomass can be carried out chemically or enzymatically. Many experts consider enzymatic hydrolysis the key to cost-effective ethanol production in the long run, 10) and several enzyme-based processes are the subject of intense research and commercialization efforts (e.g., the IBUS process for processing wheat straw 11) ). The most widely available commercial cellulases currently are produced by the mesophilic fungus Trichoderma reesei, originally isolated from decaying cotton tents during World War II. 5) This fungus, whose genome was sequenced recently, 12) expresses two primary cellobiohydrolases, a number of endoglucanases, -glucosidases, and several enzymes acting on hemicellulose, including acetyl esterases. 5, 13) Considering the complexity of the lignocellulosic substrates, all of these enzyme activities might be important for efficient degradation of the substrate. The literature now includes several reports on the use of commercial cellulase preparations for the hydrolysis of different pretreated feedstocks, 14) including hardwood, 15) softwood, 16) wheat straw, 17) bagasse, 18) and corn stover. 19) The development of more efficient enzyme systems is a key issue in further technology development. 5, 20) Despite the fact that the saccharification of hardwood is considered easier than the saccharification of softwood, the latter process has been explored much more extensively than the former. The aim of the present study was to investigate steam explosion and enzymatic hydrolysis as one possible approach to the saccharification of hardwood under industrial conditions. We tested the kinetics and overall efficiency of enzymatic hydrolysis, addressing variables such as pH, temperature, type of cellulase preparation, and dry-matter concentration. Short processing time is a key issue in the industry, but in most previous studies processing times on the order of several days were used. Therefore, we used the rapid steam explosion process for pretreatment and hydrolysis time scales shorter than 24 h in the present study. This required high enzyme doses, which for the time being is economically unfavorable but is likely to become less problematic as enzymes get cheaper and techniques for enzyme recirculation improve. In order to minimize processing steps and water consumption, and in contrast to most other studies, we used the whole slurry after steam explosion as the substrate in our hydrolysis experiments (i.e., the substrates were not washed prior to enzymatic hydrolysis). In addition to monitoring glucose release, we looked at the release of xylose and acetate and at the adsorbance of proteins from the enzyme preparations to the substrate.
Materials and Methods
Raw materials. Two kinds of debarked hardwood were used in this study: a fraction of poplar (Populus tremula, called POP) and a mixed hardwood fraction consisting of approximately equal amounts of poplar, birch, beech, goat willow, and wild cherry (called MIX). The POP fraction was sawdust collected at a local saw mill. It was dried overnight at 70 C to a dry matter (DM) content of 98.2%. The MIX fraction consisted of shavings from indoor stored wood, and had a DM content of 91.5%. Both fractions were converted to homogenous sawdust by milling (using a sieve of 2 mm).
Steam explosion. The two sawdust fractions were treated with steam explosion at 210 C using a 10 min heating period. Steam treatment was carried out in a 10-liter pilot plant at Lund University (Sweden). 21) Prior to pressure treatment, the dry matter content of the woody materials was adjusted to 42.7% (POP) and 45.2% (MIX) by adding water. The treated sawdust was collected as slurries having dry matter contents of 15.0% (SE-POP) and 15.7% (SE-MIX). Both slurries had a pH of 3.1, and were stored at 4 C in the dark.
Enzymatic hydrolysis. The following enzyme preparations, all kindly provided by the manufacturers, were used: Cellulase preparations produced by Trichoderma reesei: Econase CE (new name, Rohament CL; AB Enzymes, Darmstadt, Germany; 71 FPU/ml), Celluclast 1.5L and NS 50013 (Novozymes A/S, Bagsvaerd, Demmark; 80 and 67 FPU/ml respectively). All enzyme reactions in this study contained Novozym 188 (Novozymes A/S; -glucosidase), added in amounts corresponding to 3.0 ml per added FPU of cellulase (so the ratio between Novozym 188 and the amount of cellulase activity added was constant). Extra xylanase activity was applied in one experiment using 100 ml Multifect Xylanase (new name, Multifect CX 12L, Genencor, Copenhagen, Denmark) per g of SE-POP.
Small-scale hydrolyses were carried out in 50 ml centrifuge tubes that were horizontally shaken at 130 rpm. The working volume was 30 ml and reactions were conducted in citrate-phosphate buffered solutions. The pH was adjusted using different ratios of 0.1 M citric acid and 0.2 M dibasic sodium phosphate diluted 1:1 with water (at pH 6.0 this solution was made by mixing 17.9 ml of 0.1 M citric acid with 32.1 ml of 0.2 M dibasic sodium phosphate and 50 ml of H 2 O). Various DM concentrations were made by diluting steam-pretreated slurries in buffer.
Hydrolyses at 1-liter working volume were carried out in 3-liter fermentors (Applicon, Shiedam, Netherlands) in non-buffered suspensions. The pH was automatically kept at pH 4.5 by controlled addition of 5 M NaOH, and the temperature was maintained at 55 C. The stirrer speed was 200 rpm.
Analysis. Analyses of the carbohydrate and lignin content (see Table 1 ) in wood samples before and after steam explosion (whole slurry) were carried out by STFI Packforsk (Stockholm, Sweden). The sugar compositions were determined using ion-chromatography following a two-step acid hydrolysis procedure according to Tappi standard T249. 22) Insoluble (Klason) and soluble lignin were determined according to Tappi standard T222 23) and UM250 24) respectively. Dry matter (DM) contents were determined by drying the samples overnight at 105 C. In the initial studies, polysaccharide hydrolysis was monitored by measuring the release of free sugars by DNS assay. 25) This assay measures the total concentration of reducing sugars. Concentrations of solubilized glucose, cellobiose, xylose, and acetic acid were determined by a standard HPLC method.
26) The hydrolysate (1 ml) was added to 0.2 ml of 0.5 mol/l H 2 SO 4 , 2.5 ml of deionized water, and 8 ml of acetonitrile, followed by mixing for 30 min. After centrifugation and filtration (0.2 mm), the samples were analyzed using a 300 Â 7:8 mm Aminex 87H HPLC column (Bio-Rad, Richmond, CA), held at 30 C, and connected to a HPLC (Perkin-Elmer, Waltham, MA). The mobile phase was 10 mmol/l of H 2 SO 4 and the flow rate was 0.4 ml/min. Peaks were identified and quantified by running sugar and organic acid standards, using both an RI (Series 200, Perkin Elmer) and a UV-detector (Series 200, Perkin Elmer) for detection.
Cellulase activity was measured as filter-paper units (FPU) according to a standard method. 27) Protein concentrations were determined by Bradford protein assay with bovine serum albumin (BSA) as the protein standard.
28)

Results and Discussion
Steam explosion
The conditions used for steam explosion (210 C, 10 min) were based on previous work with the hardwood Salix.
15) Acid was not added, because hardwoods, in contrast to softwoods, contain a heavily acetylated hemicellulose fraction from which acetic acid is released during steam treatment, in a process referred to as autohydrolysis. 7) Indeed, steam explosion-treatment of both the poplar (POP) and mixed (MIX) hardwood fractions led to a drop in pH from 4.8 to 3.1 due to this release of acids. HPLC analysis showed that the soluble fraction after steam explosion contained considerable amounts of free acetate, corresponding to about 2 weight % of the DM in both the SE-POP and SE-MIX slurries. Table 1 shows the content of carbohydrates and lignin before (POP, MIX) and after (SE-POP, SE-MIX) steam explosion. Generally, steam explosion led to an accumulation of cellulose and a decrease in the content of xylan. This was due to some loss of biomass attached to the inside walls and tubing of the steam-explosion unit and degradation of hemicellulose sugars during steam pretreatment (e.g., 29, 30) ). The mass loss in this particular steam explosion unit 21) during batch treatment was typically in the range of 20-30% of the input biomass. It has previously been noted that optimal steam-explosion conditions for xylose and glucose saccharification differ. Xylose saccharification requires the use of conditions that are less severe than the conditions needed to maximize glucose yields. 15) Thus, in principle, the use of multi-step pretreatments might be of interest, but might not be economically viable. In the present study, we used conditions previously shown to lead to high glucose release from Salix cellulose at the subsequent enzymatic hydrolysis step. 15) However, while Salix and poplar have similar compositions more SE conditions should be tested for poplar to optimize the sugar yield.
As discussed below and in Table 1 , further analysis of SE-POP showed that it contained very little soluble glucose (on the order of 1% of the total), whereas soluble xylose amounted to almost 50% of the total xylose content.
Enzymatic hydrolysis: the effects of pH Figure 1A shows the effects of pH on the enzymatic release of sugars from SE-POP and SE-MIX by Celluclast, a commercial cellulase preparation from Trichoderma reesei. The pH dependenc of the yield in reducing sugars was similar for the two materials. Despite the presence of a buffer in the reaction mixtures, the pH dropped a little during hydrolysis. Both start and end pH values are shown in Fig. 1A . Yields were optimal in a slightly acidic pH interval, the final pH values varying from 4.1 to 4.7. ÃÃ Sugar contents were determined after total hydrolysis of the biomass to monomeric sugars. Since the SE treated samples already contained some soluble sugars, not all sugars represent polymeric material. From the data in Fig. 3 (sample treated without enzyme) it can be seen that only about 1% of the glucose was present in soluble forms (0.4 g of hydrated glucose was released from 50 g of SE-POP, representing 29.35 g of non-hydrated glucose). For xylose (see text) the soluble fraction amounted to almost 50%. Other components in the biomass that are not accounted for in this table include ash, pectin (mainly galacturonic acid), extractives, and acetyl groups on the xylan. The pH drop during hydrolysis was caused by a release of acetic acid from the hemicellulose fraction (acetic acid data not shown; see below for more details). The release of acetic acid indicates that the T. reesei enzyme preparation contains acetyl xylan esterases, as expected. 13, 31) Xylan and cellulose are interconnected in the cell-wall matrix, and it has been found that there is a linear relationship between xylan hydrolysis and cellulose hydrolysis in the degradation of corn stover. 32) Since xylan is more effectively hydrolyzed after deacetylation, 32) it is conceivable that the presence of acetyl xylan esterases in commercial enzyme preparations is important for their efficiency in degrading lignocellulosic biomass.
The amount of added enzymes should theoretically yield a soluble protein concentration in the hydrolysates of 0.8 g/l. At the end of the hydrolysis reactions, the amount of bound protein varied between 94% at pH 5.8 and 67% at pH 4.3 (Fig. 1B) . Thus the amount of bound protein was lowest at the pH (4.8) that gave the highest release of soluble sugar (Fig. 1A ). This appears to indicate that more degradation of the substrate leads to a greater quantity of soluble protein, probably because of a reduction in enzyme binding sites on the substrate. Obviously, the variation in pH also affects protein adsorption, since both protein and substrate charges change with pH. Indeed, the variation in protein adsorption depicted in Fig. 1B appears much more dramatic than the variation in saccharification yield shown in Fig. 1A . Apart from binding to cellulose, possibly reflected in the correlation between increased cellulose hydrolysis and increased amounts of soluble protein (see below) binding to lignin is likely to play a role. High levels of protein binding to lignocellulosic substrates have been reported for both commercial enzyme preparations 33) and purified cellulases. 34) It is believed that enzymes adsorb non-productively to lignin through hydrophobic interactions. Hence it is expected that pH, which affects the charge and hydrophobicity of proteins and lignin, influences the concentration of soluble protein. It has been found that the addition of surfactants and non-catalytic proteins such as BSA promotes higher cellulase activity due to competitive binding to lignin. 33, 35) As Fig. 1B shows, the enzymes adsorb more strongly to the SE-MIX than to the SE-POP substrate, possibly because of the higher lignin content in SE-MIX (Table 1) .
The pH dependency of both enzyme activity and protein adsorption should be kept in mind in designing processes for enzymatic saccharification and enzyme recirculation. Since the results of these initial experiments were highly similar for SE-POP and SE-MIX, only SE-POP was used as substrate in the remainder of this study.
Enzymatic hydrolysis: kinetics, temperature, and enzyme and substrate concentrations
The commercial cellulase preparations Celluclast, Econase, and Novozyme 50013 are all mixtures of Trichoderma enzymes. Their datasheets indicate that their temperature and pH optima are similar, and SDS-PAGE analysis indicates almost identical band patterns (data not shown). Figure 2 shows the hydrolysis of SE-POP by each of these enzyme preparations at four different temperatures, varying from 50 C to 65 C.
Overall, as Fig. 2 shows, the different enzyme preparations yielded similar results. All the enzymes were quickly deactivated at 65 C, especially 50013 and Celluclast, which stopped releasing sugars after about 3 h. Econase appeared to be somewhat more temperature tolerant showing activity for 6 h. For all three enzyme preparations, 55 C was the optimum temperature for hydrolysis in a time range of 8-10 h. Viikari et al. recently reported that Celluclast has a temperature optimum of 50 C for the hydrolysis of steam-pretreated spruce within a 6-h time frame. 36) However, they also noted that the optimum temperature may vary with different substrates, and that the optimum temperature for the hydrolysis of pure cellulose was 55 C. 37) Since the three Trichoderma preparations yielded very similar results, only one of them, Econase, was used in the remainder of this study. Figure 3 shows the amount of glucose released after 4 h and 24 h of hydrolysis at pH 4.5 using different enzyme (Econase) concentrations (0-50 FPU per g of dry matter). In the 4-h reactions, release of glucose increased as the enzyme concentration increased. In the 24-h reactions, a maximum glucose concentration, corresponding to about 57% of the theoretical maximum, was obtained at an enzyme dose of 40 FPU/g, but the glucose concentrations in the 24-h reactions were very similar for enzyme doses in a range 25-50 FPU/g (no significant differences). Thus the addition of cellulases beyond 25 FPU/g made the process faster but did not significantly increase the glucose yield. This indicates that the maximum yield of glucose is determined by the degradability of the substrate. Apparently, in our shake-tube set up, about 40% of the cellulose in SE-POP was not amenable to solubilization by enzymatic hydrolysis. Figure 4 shows how the glucose yields were affected by the dry matter content during the hydrolysis reaction. After 24 h, minor amounts of cellobiose were observed in the reaction mixtures, which have been added as glucose in Fig. 4 (the maximum observed cellobiose concentration was 2.0 g/l in 15% DM hydrolysis). As expected, increasing the DM contents led to higher final glucose concentrations. However, increased DM concentrations led to decreased glucose yields at both 4 h and 24 h. Thus increasing the DM concentration from 5 to 15% reduced cellulose conversion after 24 h from 53.4% to 37.0%. Such a decrease in the cellulose conversion yield with increasing DM content appears to be a general trend, and has been reported for wheat straw, 37) softwood, 38, 39) and pure cellulose. 40) The mechanism responsible for the decline in cellulase performance at increasing DM is not well known. Possible causes are product inhibition, the negative effects of high lignin concentrations on enzymes, and mass transfer limitations due to increased viscosity. 37, 40) Indeed, in high DM reactions we observed mixing problems in the initial phase of the experiment. Somewhat unexpectedly, when we increased the DM content in the reaction, protein adsorption gradually fell from 67% in the 5% DM reaction (see above) to 59% in the 15% DM reaction. Thus, increasing DM concentrations led to a decrease in the ratio of adsorbed/soluble protein (the enzyme/substrate ratio was kept constant). This is intriguing, since the substrate was less degraded in reactions at higher DM hydrolysis, and is expected to have a larger surface area available for protein adsorption. One explanation is that the higher glucose and cellobiose concentrations inhibit productive enzyme adsorption to the substrate. A recent study 41) demonstrated a similar effect for the enzymatic hydrolysis of filter paper. Both cellulose conversion and protein adsorption decreased as the substrate concentration increased. Since enzyme adsorption is a requirement for hydrolysis, the lower degree of adsorption at high DM might contribute to the decrease in cellulose conversion at high DM. 41) It is generally considered that the ethanol concentration in the broth entering distillation should be above 4% w/w in order for bioethanol production to be an economically viable process (see reference 42, for example). For most types of lignocellulosic biomass, this requires solid concentrations above 15% DM. Operating hydrolysis at such high solid concentrations poses technical problems due to high initial viscosity, and requires special types of mixing, such as free-fall mixing. 11, 37) The IBUS process developed by Dong Energy in Denmark shows that efficient conversion of wheat straw at high DM concentrations is possible, 11) but for hardwood, solving the challenge of high DM processes requires further research efforts.
Enzymatic hydrolysis: release of xylose and acetate Hardwood xylans are acetylated and strongly interconnected with cellulose in the cellwall matrix. Hence the deacetylation and the hydrolysis of xylan are important processes which need to be monitored better to understand the hydrolysis of hardwood. Figure 5A and B shows the concentrations of acetate and xylose respectively, measured after 4 h and 24 h of hydrolysis of SE-POP at various DM concentrations. Because the SE-POP biomass had not been washed, the starting mixtures contained acetate and xylose produced during steam treatment-for acetate: 0.9 g/l (5% DM) to 2.7 g/l (15% DM); for xylose: 1.5 g/l (5% DM) to 4.5 g/l (15% DM). The molar ratios of acetate/xylose released by enzyme treatment were calculated after correcting for the initial concentrations of acetate and xylose. The acetate/xylose ratios were found to be constant over the entire DM range. There was a great difference between the ratios at 4 h (acetate/xylose ¼ 1:2) and 24 h (actetate/xylose ¼ 0:7), indicating that acetate is released faster than xylose. Incubation of SE-POP without enzymes also showed some release of acetate and xylose. This enzyme-independent release of acetate and xylose amounted to approximately 20% of the levels obtained after enzyme treatment in all experiments (results not shown). This indicates that SE-POP contains some soluble xylose and acetate that is washed out only after the rather harsh washing that takes place in the control reaction (55 C for 24 h, with shaking).
Controlled enzymatic hydrolysis
All the experiments discussed above were done in buffered solutions in shake tubes. Hydrolysis reactions at 5% DM content were scaled up to 1 liter working volume, and were run in fermentors at a controlled pH of 4.5. In one of the hydrolysis experiments, a commercial xylanase preparation (Multifect) was added to investigate its effect on xylose and glucose release. Figure 6A shows the production of glucose and xylose during the first 25.5 h of hydrolysis. The addition of the xylanase preparation had a positive effect on the rate of xylose production, but only a marginal effect on the rate of glucose production. The final maximum glucose concentration was the same for the two hydrolyses, yielding 23 g/l of glucose, which corresponds to a conversion of 71% of the available cellulose in SE-POP. Most of this cellulose (66% of the available cellulose in SE-POP) was hydrolyzed within the first 12 h of hydrolysis. This is a higher yield than was achieved in the shake-tube experiments. This can be attributed to the constant pH and better mixing and mass transfer in the fermenter.
Only a very few studies have been carried out on the enzymatic hydrolysis of steam-exploded hardwood, and none have used such short hydrolysis times as in this study. Using the same pretreatment conditions as in this study, hydrolysis of the hardwood Salix with 15 FPU/g and a DM content as low as 2% gave a glucose yield of 80% after 96 h of enzymatic hydrolysis.
15) It should also be noted that while a washed substrate was used in the Salix study, removing many potential enzyme inhibitors, we used the whole slurry after steam explosion.
As observed for the shake-tube experiments, acetic acid was released during hydrolysis (see Fig. 6B ). The total base consumption was 2.4 ml and 2.7 ml of 5 M NaOH for the hydrolyses without and with extra xylanase respectively. This difference was caused by a higher production of acetate in the hydrolysis with extra xylanase (see Fig. 6B ), possibly because of some esterase activity in this enzyme preparation. Additionally, 3.8 ml of M NaOH was needed to increase the initial pH from pH 3.3 to 4.5. In total (6.2 ml 5 M NaOH), this base consumption amounted to 24.8 kg of NaOH per dry ton of SE-POP for hydrolysis without extra xylanase. For both hydrolyses, the molar ratio of released acetate/ glucose was constant (0.07) for the whole period. Thus the addition of the base to keep the pH constant was a good indicator of glucose release.
Conversion of 70% of the cellulose to glucose translates to the production of 457 kg of glucose from 1000 kg of SE-POP. Fermented with a typical 90% efficiency (see reference 15, for example), this would yield 210 kg of ethanol (or 266 liter). Figure 6B also shows the amount of soluble protein during the two hydrolyses. Initially the concentration of soluble protein dropped very fast (from the theoretical 0.8 g/liter, or 1.0 g/liter for hydrolysis with extra xylanase, to about 0.26 g/liter), followed by a further slow decrease in the first 2 h of incubation. In the subsequent phase of the reaction, the degradation of cellulose, seen as increasing concentrations of glucose in Fig. 6A , was accompanied by increasing concentrations of soluble protein (Fig. 6B ). This indicates that the enzymes attached to the cellulose fraction are released when the cellulose is hydrolyzed. Similar fluctuations in the protein concentration during hydrolysis have been observed for Avicel and pretreated softwood. 38, 43) This fluctuation in the concentration of free proteins should be taken into account when designing more continuous processes that involve enzyme recirculation.
While most previous studies of enzymatic hydrolysis of wood were based on the use of relatively long residence times, the focus of the present study was on the initial 24 h of hydrolysis of steam-exploded hardwood. The results show that 66% of the cellulose fraction of non-washed steam-exploded hardwood can be hydrolyzed to glucose within 12 h using an enzyme dose of 25 FPU/g of substrate.
The yields reported in this study of around 70% after only 24 h using an industrially relevant non-washed substrate are encouraging. Nevertheless, serious hurdles must be overcome to obtain economically viable processes. 5, 44) For example, an enzyme dose of 25 FPU/g represents an important cost factor. Furthermore, and most importantly, the DM concentrations need to be higher than the 5% used in the optimized experiments shown Fig. 6 . 37) Both this study (Fig. 4 ) and previous studies [37] [38] [39] [40] have indicated that obtaining satisfactory amounts of glucose at higher DM concentrations is a major challenge.
